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Abstract

Algorithnls are develope(t to extract atmost)heric 1)oundary layer profiles fi)r turl)ulenee

kinetic energy (TKE) and energy dissipation rate (EDI¢), with data fi'om a meteorological

t()wer as input. The t)rofiles are based on similarity theory and scalings for tlle atInost)heri("

boundary laver. The calculate(1 t)rofiles of ED1] an(1 TKE are re(tuired to match the ol)served

values at 5 and 40 'm. The algorithms are coded for operational use and yield plausible profiles

over the diurnal variation of the atmospheri(: l)oundary laver.
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1 Introduction

To safely reduce aircraft spacing and inc,ease airport cal)acity, NASA is (levelol)ing ;_

t)re(ti(:tor system, called tlw Air(Taft \:Ortex St)acing System (AV()SS: Hintom 1995; Hinton

et al., 1999; Perry et al., 1997). This systenl includes i)redi('tion algorithms for aircraft

wake vortex transport and de(:ay. Senli-eml)irieal vortex prediction algorithms have been

develope(1 and incorporate(l within the AVOSS (Robins et al., 1998; Sart)kaya et al.. 2000).

One of the key int)ut elements for the AVOSS pre(liction algorithms is the atmosl)heri("

boun(lary layer (ABL) turbulence of which the intensity can })e represente(l by turbulent

kinetic energy (TKE) or e(ldy energy dissit)ation rate (EDR). While the prediction algorithms

re(luire the verti(:al profiles for the TKE and ED1R at least up t() the vortex generation h('ight,

the observational data for the TKE and EDR are available only from a meteorological tower

at the heights of 5 an(I 40 7t_ above the ground.

In supporting the NASA A\;OSS t)r()je(:t, the wake vortex research grout) at North Car-

olina State University (NCSU) has develol)e(l algorithms an(1 software which can generate

the vertical profiles of TKE and EDR. These, algorithms are 1)ase(l on the ABL similarity

relations (Arya, 1988, 1995, 2000; Caughey et al., 1979; Ha() and Nat)t)o, 1998; Sorl)jam

1989; Stull, 1988) and available experimental (lata.

Se(:tion 2 des('ril)es the ABL similarity relations with resl)e(,t to the vertical t)rofiles of

the TKE an(1 EDlq that are (lepton(lent upon the ABL stability. Section 3 contains a (letailed

(lescril)tioll of the software. In Sectioll 4, estimates from the similarity relations are eompar('(l

with the observed data. Se('tion 5 t)rovi(les information on running th(' s()ftware. Finally,

the summary of this study is given in Section 6.



2 Similarity Relations for the TKE and EDR Profiles

ABL observations frequently show consistent and repeatable characteristics from which

empirical similarity relationships have been obtained for the variables of interest such as

TKE and EDR. Similarity theory is based on the organization of variables into dimensionless

groups that come out of the dimensional analysis. The dimensional analysis is a technique

used in science and engineering to establish a relationship between different quantities. The

functional relationships between dimensionless groups are referred to as similarity relations,

because they express the conditions under which two or more flow regimes would be similar.

Similarity relationships that have certain universal properties are usually designed to apply

to equilibrium (steady-state) situations. One of the well-known similarity relations is the

logarithmic velocity profile law observed ill surface or wall layers under neutral stratification.

The proposed similarity relationshit)s for TKE and EDlq. are fundamentally based on the

Monin-Obukhov similarity (Monin and Obukhov, 1954) and mixed-layer similarity (Dear-

dorff, 1972) theories. The former is applied to a stratified surface layer and is sometimes

called the surface-layer similarity theory, whereas the latter is applied to mixed layers that

often develops dnring daytime convective conditions. These similarity theories have provided

the most suitable and acceptat)h_ framework for organizing and presenting the ABL data, as

well as for extrapolating and predicting certain ABL information where direct measnrements

of the same are not available.

Using the framework of these similarity theories, a variety of similarity relationships have

been suggested to describe the vertical profiles of mean and turbulence fields as flmctions of

the dimensionless groups z/L and/or z/tt, covering whole ABL including the surface layer

(Arya, 1988, 1995, 2000; Caughey et al., 1979; Hogstrom, 1996; Rao and Nat)po, 1998;

Sorbjan, 1989; Stull, 1988). Occasionally, various investigators have suggested different

values for the empirical coefficients. Based on the similarity scaling in tile atlnospheric

surface layer and boundary layer under difl>rent stability conditions, the expressions and

parameterizations for the vertical profiles of TKE and EDR and related characteristic scales



are suggested in the following subsections; s()me of the expressions are adopted directly

fl'()m those refl,'rences, whereas the others are derived using the similarity relationships of

turbulence varia|)les other than Tt(E, and EDR.

2.1 Neutral and Stable Boundary Layers (z/L >_ O)

The boundary laver may be subdivided into a surface layer (in which stress is nearly

constant with height) and an outer layer. A set)arate set ()f algorithms is assigne(t to eat'h

sublaver as follows.

2.1.1 Surface Layer (z _< 0.1h)

In the surface layer, the TKE (c) and EDR (e) are giwm I)y (Hogstrom, 1996; Ilao and

Nappo, 1998)

c = 6u'_, (1)

= _ 1.24 + 4.3 , (2)

where k __ 0.4 is yon Karmall constant. The friction velocity, u,, is defined as

H 2 : [(_):-_ (t'tHJ)_] 1/2, , (3)

where the right hand side of Eq. (3) represents the total vertical momentum flux near the

surface (the subscript ,s denotes the ground surface). The Obukhov lengfll L det)ends oil

both the Inomentmn and heat fluxes near the surface and is defined later: the ratio z/L is

the fundamental similarity paraineter of the Monin-()bukhov similarity theory.

2.1.2 Outer Layer (z > 0.1h)

Expressions for the outer laver can be assigned according to the level of st.ralification.

(1) Neutral and Stable Boundary Layer

In the neutral and moderately stable boundary layer, the TKE and EDR are given l)y

(Hogstrom, 1996; Rao and Nappo, 1998)

c= 6u_ 1 - , (4)



Alternatively, Eq_'.(4) and (5) may also be used for the entire boundary layer, including tile

surface layer.

(2) Very Stable and Deeoupled Layers

In tile very stable boundary layer and decoupled layers, the TKE and EDR can be

expressed by extension of Eqs.(1) and (2) as

=64, (6)

4 w}_
= .3/.--Lr, (7)

where UL is the local (friction) velocity scale and LL is the local buoyancy length scale. Under

very stable conditions, the elevated layers of turbulence are decoupled from the surface and

the local fluxes and scales cannot be reliably estimated. Perhaps, an empirical relationship

between the overall turbulenee intensity (e 1/2/,_) and Richardsoil Immber should be explored.

It is worthwhile to note that some experiinental results show that Eq.(5) can be still used

to estimate e even in a very stable boundary layer.

2.2 Unstable Boundary Layer (z/L < O)

Tile unstable ABL such as during daytime surface heating can be divided into three

regimes dei)endiilg Ul)On tile stability parameter, z/L or h/L.

2.2.1 Strongly Unstable (Convective) Regime (Iz/LI > o.5)

The structure of the convective regime is (h)minated by buoyancy. The mean wind

velocity and l)otential temperature profiles are nearly uniform with height. For this reason,

the convective outer layer is called the "mixed layer." The mixed layer is topped by an

inversion layer in which temperature increases with height. A broad maximum of TKE is

usually found in the middle of the mixed layer, while EDR decreases slightly with height.

(1) Surface Layer (z _< 0.1h)

4



In the surfacelayor, the TKE an<tEDtRarc given by (Arya, 2000)

e = 0.36.,_ + 0.85u2, 1 - 3

_=_ 1+0.5

(2) Mixed Layer

In the mixed layer, the TKE is given 1)y (Arya, 2000)

c = 0.36 + 0.9 1 - 0.8 u,_,

or, ff)r most practical lmrt)oses,

(s)

(9)

(10)

c = 0.54 w_. (11)

Tile EDR (lecr(,ases sh)wlv with height at a linear rate (Sorl)jan, 1989), i.e.,

e- "'_ (0.8 - 0.3 .---""_ . (12)
]_ \ h/

whol'(_ th(, convective veh)citv scale w. in (lefin(,(1 an

Here g in the gravitational acceleration, To in the referent( _ lmnt)eratur(', and (w'0,,')._ in the

mean surface heat flux.

2.2.2 Moderately Unstable Regime (0.02 < Iz/LI _< O.5)

Ill this regime, the me(:hani('al i)ro(hwtion of TKE in coint)aral)le with lmovancv pro-

duction of TKE, i.e., turbulen(:e generation fi'om vertical wind shear in conq)arat)h • to that

g('n('ratc(t from surface heating. The TKE in this roginl(, in more or less uniform ov(,r Ill(,

I)oun(larv layer or may (te('r(,as(, slightly with height, and the l)oundarv laver structur(' lll;-Iv

])(' In()re lllwertain.

2.2.3 Weakly Unstable (Near-Neutral) Regime (I:/LI < o.o2 or Ih/LI < 1.5)

This r('gilne often ()tours during t h(, transition l)('ri()(l of (,arlv morning an(t late afternoon

or during ()vorcast (lays with str(mg win(Is. Th(" laps(' rat(' fl)r teml)('raturo tends to b(' near-

n(,utral. In this regimo, mechani(:al (shear) produ(:tion (lominat(,s the TKE budget.

5



3 Software Description

In order to generate vertical profiles of TKE and EDtI for operational applications,

software is written which utilizes the algorithms in tile previous section with observations

measured at 5 and 40m above the ground. With tile determination of tile characteristic

similarity scales (such as L, u., w., and h), the computation of the TKE and EDR profiles

is straightforward. The characteristic similarity scales can be estimated from the winds and

virtual potential temi)eratures measured at two levels near the ground.

Since the atmospheric similarity relationships are based on the mean quantities of the

observed wind, temperature, and turbulence, the required time averaging interval for EDR

and TKE profiles should I)e at least 30 minutes (Stull, 1988). Hence, with the exception of

TKE, all measured variables are 30-minute averaged. For the measured TKE, a 30-minute

median value is used, since sporadic measurements of exceptionally large TKE can cause an

unrealistic TKE average.

The vertical profiles generated from similarity theory are additionally required to match

the measured values at z = 5 and 40 m as closely as possible. Often the profiles generated

from similarity exi)ressions do not exactly match tile observed values at z = 5 and 40m

simultaneously. Therefore, the TKE and EDR profiles between z = 5 and 40 rn are assumed

to l)e linear and independent of the similarity relationships. In addition, upper and lower

bounds for tile values of TKE and EDR at z = 5 m are specified to prevent unrealistically

large or small vahles compared with those at z = 40 m. A1)ove 40 m, the similarity profiles

are used, but are adjusted to match tile ol)served TKE and EDR at z = 40 m.

3.1 Determination of Surface Layer Similarity Scales

According to algorithms in the previous section, software requires to first determine

L = -- H_.3

k(g/To)(w'O,,')._' (14)

surface layer similarity scales L and u,.

The Obukhov length is defined as



in which friction velocity and tile surfaceheat flux can be estimated from measuronwntsof

the mean differencesor gradientsof v{qocity and t(mH)eratur(_botw(,{many two heights zl

and z_ within the surface layer, but well al)ove the tot)s of roughness elements.

Letting _X0 = u2 -51 and A0,, = 0,,2 - 0vl be the difl_ren('e in mean velocities and

virtual potential tem])(_ratures across the heighl interval __Xz= z_ - :1, one can determine

the gradient Richardson nuinl)(u" (Ri) at the geometric height z,,, = (:l z_)1/2 t}y

.q (i z'21 AO,,_i(:.,) = _:.,,. :,. (_. (15)

The corresi)onding value of the Moniii-Obukhov stability parameter 4,,, = z.,/L can b(,

determined from the relations given I}y {Arya, 1988)

(,,, = Ri(z,, ), for Ri < 0, (16)

/?i(z,.)
('" = 1 - 5Ri(z,,,)' for 0 < Ri < 0.2. (17)

Then, the basic universal similarity fun{:tions 0,,, and @, are dir{_ctlv r{qate(I t(} (,,,, i.e.,

¢_, = c),,,_ = (1 - 15(,,,) -1/:. for (,,, < {} (18)

oh = 0,,, = (1 + 5(,.), for 6. _>0

The similarity relations of Eq.s'.(17) an{l (19) are not valid for Hi >_ 0.2 and (,,, > 1.

(19)

Finally, the fri{:tion v{qocitv and t h{, surt'ac{, heat flux can 1)o ol}lailmd from the following

_, = (20)
0,,,(6,,)t,,(z_/z_) '

(u!'O,,'),, = -
k2__k0__k0,,

o,,,(<,,,)0,,((,,,)0,,
(21)

relations

The paralneters Ri(z,,,) and z,,/L are used to determine the stability {'riteria discussed

in t.h() l)revious section, while the friction velocity _t. is used to estimate tim ABL height h

in the neutral and stal}le t)oundary layer.

7



3.2 TKE and EDR Profiles in Neutral and Stable Boundary Layer

(zm/L > O)

Tile boundary layer height can be estimated as the minimunl of those given 1)y tile

following diagnostic relations (Arya, 1995):

h = 0.3 u*- (22)
f'

" k .f ] ' (23)

where f is the Coriolis parameter. Note that Eq.(22) is valid only for a stationary neutral

boundary layer, but it gives an upper bound for h in slightly stable or near-neutral conditions

when L becomes too large and Eq.(23) overestimates h.

Then, Eq_s.(4) and (5) are applied to obtain TKE and EDR profiles above z = 40m

height. The friction velocity in Eq,s.(4) and (5) is adjusted so that the profiles are continuous

at z = 40 m., and might be slightly different from that given I)y Eq.(20).

3.3

3.3.1

TKE and EDR Profiles in Unstable Boundary Layer (zm/L < O)

Strongly Unstable (Convective) Regime ([z,n/L I > 0.5)

In this regime, the ABL height is usually estimated from the height of the inversion base,

which can be determined from the vertical temperature sounding. However, it is difficult to

obtain the temt)erature inversion base fr()m the existing sounding data from the Dallas/Ft.

Worth (DFW) and Memphis field experiments. This is because the soundings often do not

extend above a height of 1 kin, whereas the ABL height in this reginle can easily reach a

height of 2 - 3 kin. Alternatively, we estimate the boundary layer height from Eqs.(11) and

(12), using the measure(l TKE and EDR at z= 40 m, i.e.,

0.4 + @}.16 + 0.3 Z4o e40/(e40/0.54) 'r'
h = . 1.5 , (24)

a,o/(e4o/O.o4)

where subscript 40 represents z = 40m. Although the height of z = 40m is within the

surface layer (z < 0.1h) in most of cases of this regime, the observations indicate that the



mixed laver similarity may also be usedfor the entire boundary layer exeel)t fi_r the law'r

very (:loseto the surface.

Then. Eqs.(10) and (12) are applied to obtain TKE and EDI_ profiles above z = 40 m

height, rest)eetively. The convective veloeitv scale in Eq.(10) is adjusted tbr the TKE profile

to t)e colltillllOllS at 2 = 40 m, and will be slightly different from that estimated fl'om Eq.(11).

3.3.2 Moderately Unstable Regime (0.02 < Iz,,/LI <_0.5)

This regime also includes the eases of e5 > e_0 but Iz,,:/LI > 0.5, since TKE (i.e., c)

usually in<:reases with height near the surface in the coIlvective regime. The profiles are

obtained in the same way as in the convective regime except that Eq.(ll) is used for TKE

profile rather than Eq.(10).

3.3.3 Weakly Unstable (Near-Neutral) Regime (Iz,,,/LI <_ 0.02 or Ih/LI <_ 1.5)

In this regime, the formulations for the neutral boundary layer are al)t)lie(t for the t)rofiles.



4 Comparisons with Observed Data

Tile friction velocity and TKE and EDR at z = 5 m and 40 m estimated from the simi-

larity relations in the previous sections have been corot)areal to measureinent data from tile

Dallas/Ft. Worth (DFW) Airport FM(t Ext)eriment (Dasey et al., 1998) during the period

of Septeml)er 15 - ()ctober 3, 1997. The height of z = 5 m is essentially assumed to be within

the surface layer. The measured u, and EDR are 30-minute averaged, while the measured

TKE is a median value over 30-minutes. The frequency for each stability regime is shown in

Table 1, indicating that most of data belong to stable and moderately unstable regimes. In

the following, the comparisons are t)erformed in two stability grout)s , that is, neutral and sta-

ble regilne including the weakly unstable regiine and unstable regime including moderately

unstable and convective regimes.

4.1 Friction Velocity (u,)

Figure 1 shows that the estimated u, from mean velocity measureinents with Eq. (20)

agrees well with the Ineasured v., from the momentum flux at z = 5 m, but the data scatter

becomes larger for weaker u,. In 1)articular, for very small values of u,, which are often

obtained during very stable conditions, the estimated u, tends to be significantly smaller

than the measured u,. This is because the Monin-Obukhov similarity theory on which u,

estimates are based, is not applicable under very stable conditions (Nappo and Johansson,

1999).

4.2 TKEat z=5mand40m

As formulated in sections 2 and 3, the estimated TKE at z = 5 m in neutral and stable

conditions is given as a function of only u,, while in unstable conditions, it is given as a

function of u,, w,, L and z. As shown in Fig. 2, the estimated TKE appears to agree with

the measured, although data scatter becomes larger for slnaller values. This is especially

true in neutral and stable conditions. For very small values of TKE, most of the estimated

10



TKE valuesare significantly lower than the measuredTKE. The agreement I)etween the

estimated and measured TKE is much 1)etter for the m_stable c()nditions.

At : = 40m, only a comparison for the neutral and stal)le conditions is conducted.

In unstable conditions, the 'w, and h are calculated fi'oIll the measured EDR and TKE at

.: = 40 t, and thus, the estimated TKE and EDR at z = 40 m will match their measured

values at z = 40 m, exactly. Figm'e 3 shows that similar to TKE at : = 5 m, the estimated

TKE in neutral an(l stat)le (:on(titions agrees reasonal)lv well with the measured TKE, lint

data scatter at z= 40 m is larger than that at z = 5 m. est)eeially for snlaller TKE vahles.

4.3 EDR at z=5mand 40m

Using the estimated values of u, and L, EDR at z = 5 m is ('alculate(l from Eq.s. (2) and

(9). Its 'measure(t' values were otltaine(t fi'()nl tile I)ower Sl)e(:trunl of the ol)serve(t wind data

using the theoretical Kohnogorov relatioils of the spectra in the inertial sul)range.

Figure 4 shows that at z = 5 m, the estimated EDR al)l)ears to incr(,ase linearly with

increasing measured EDR, but is (:onsideral)lv overestimated in I)oth stal)ilitv regimes. Data

scatter is somewhat larger (:omt)are(t to that of TKE. Similar to that of TKE, however, tile

data scatter increases with de(:reasing values of EDR an(t is larger in neutral an(l stal)h,

con(litions than in nnstal)h, (:olMitions. As explained in se('ti(ln 4.2, tilt, comparison for EDI_

at z = 40'm is ('on(hwte(1 only for the neutral an(l stal)le (:on(litions. Figure 5 shows that

agreement and data s(:atter t)etween estimate(l an(t measure(l EDR at z = 40 m are similar

to those at z = 5 m, but with smalh,r overestimation.

4.4 Adjustments in TKE and EDR Profiles

As shown in the al)ove comi)arison plots, the ABL similarity the(try al)l)ears to rel)resent

the measured u, an(1 TKE at z = 5 m and z = 40 m reasonably well, t)ut with in('reasing (lata

scatter f()r (le('reasin_; values (if u, and TKE. ()n the other hand, the estimated EDR ('onsi(t-

era|)lv overestinmtes Ill(, measure(l EDR, although estimate(l and llleasm'e(1 values al)l)ear t()

11



be strongly correlatedwith a linear relationship betweenthe two. As describedin section3,

therefore,we require that the generatedprofiles for TKE and EDR matchthe measuredval-

uesat z = 5 and 40 m while maintaining the profile shape from the similarity theory above

= 40 m. Otherwise, the estimated profiles for TKE and EDR may significantly deviate

from those 'measured', especially for small values of TKE and EDR.

12



5 Procedure of Running Software

The software is coded in F()RTRAN and is designed for <>perational use. The co<h' is

composed of one main program and two subroutines. As input the main progranl reads data

files containing TKE and EDR at z = 5 m and z = 40 m, as well as mean winds and virtual

potential temperatures at two levels near the surface. The subroutine "EDRTKE_STABLE"

computes TKE and ED12 profiles ,ruder neutral and stable con<titions. The other subroutiIw

"EDRTKE_UNSTABLE" computes TKE and EDt_ profiles under unstable con(titions. ()n

output, vertical profiles of TKE and EDI2 are generated from the main prograin.

hi executing the co<h,, one nee(Is to enter the following:

• latitude (<tegree) of the airp()rt, which is use<t to calculate the Coriolis paralneter f.

• one-miImte average<l tower data ill(, Ibr wind an<l virtual I>otential texnl)erature at tw()

levels near the surface.

+ measured 30-minute average<t EDI2 data file at z = 5 m.

• measured 30-minute average<t ED12 data file at z = 40 m.

• measure(t 5-mimlte averaged TKE data file at : = 5 m..

• measured 5-mimm , average<l TKE data file at z = 40 m.

Once the input data files have t)een successfidly entered, the code then generates an

output file, which contains not only the vertical l)rofiles of TKE and EDI2. trot also the

output of similarity scales such as h. L. u,, and u,,. Figures 6 and 7 show a diurlml variati<)n

of TKE and EDt] t)r<>files generated I)y the software for a tyl>ical sunny <lay.

13



6 Summary and Discussion

Based oil the existing similarity theories ill tile atmospheric surface layer and bound-

ary layer under different stability conditions, tile expressions and pararneterizations for the

vertical profiles of TKE and EDR have been suggested. Compared with observation, t.heoret-

ically estimated TKE at 5 and 40 m heights above ground appears to agree reasonably well

with those obserw,d at. the same heights except for the very small values of TKE. Howex_r,

theoretically estimated EDR at 5 and 40 m heights considerably overestimates the observed

EDR with large data scatter, although estimated and measured values appear to be strongly

correlated with a linear relationship between the two.

From the ABL similarity relationships and their comparisons with the observations, soft-

ware has been developed to generate realistic vertical profiles of TKE and EDR. The input

parameters for the software are the measured TKE and EDR at the heights of z = 5 and

40m above the ground, and the measured winds and virtual potential temperatures at. two

levels near the ground from which characteristic similarity scales, such as L and u., can be

estilnated. In the software, to minimize the <tifferen<'e between the similarity relations and

observations it has been required that calculated values match the observed values at the

heights of 5 aim 40 'm while maintaining the profile shape from the similarity theory above

40 m. Although the software yields very plausible vertical profiles and their diurnal varia-

tions, statistics for the difference between the values estimated froln the software and the

measured values of TKE and EDR at the heights other than 5 an<t 40 m has to be obtained

for fllrther improvement of the software.
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Stability Frequency (%)
Stable

_%akly Unstable

Moderately Unstable

Strongly Unstable

54

5

37

4

Table 1' Stability frequency (%) in the Dallas/Ft. Worth (DFW) Airport Field Experiment

during the period of September 15 - October 3, 1997, where data from two rainy days and

one day for which data are partly missing have been omitted from the total data set.
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